Objectives: To identify the underlying genetic basis of a Chinese pedigree with Long QT syndrome, the causally related genes were screened in a family and the functional consequence of the identified gene mutation was evaluated in vitro. Methods: Mutations in the five defined Long QT syndrome related genes were screened with polymerase chain reaction and single-strand conformation polymorphism methods and direct sequencing. The electrophysiological properties of the identified mutation were characterized in the Xenopus oocyte heterologous expression system. Results: A novel missense mutation, G to A at position 154 in the KCNE1 gene was identified in a Chinese Long QT syndrome family, which leads to an amino acid substitution of arginine (R) for glycine (G) at position 52 (G52R-KCNE1). Of 26 family members (one DNA was not available), seven were mutation carriers and two of them with normal electrocardiogram. Compared with wild-type KCNE1 / KCNQ1 channels, coexpression of G52R-KCNE1 with KCNQ1 in Xenopus oocytes did not amplify the KCNQ1 current amplitudes and slightly changed the activation kinetics of the KCNQ1 channels. Coexpression of KCNQ1 together with wild type KCNE1 and G52R-KCNE1 reduced the wild-type I current amplitude by 50%, ks whereas other biophysical properties of the I were not altered. Conclusions: Our findings indicate that glycine52 in the transmembrane ks domain is critical for KCNE1 function. The mutant G52R-KCNE1 has a dominant negative effect on I current, which reduces the I ks ks current amplitude and leads to a prolongation of the cardiac action potential. This could underlie the molecular mechanism of ventricular arrhythmias and sudden death in those patients.
. Introduction
potassium channel a-subunits (KCNQ1 and HERG) [4, 5] , two for potassium channel b-subunits (KCNE1 and Congenital Long QT syndrome (LQTS) is characterized KCNE2) [6] [7] [8] and one for a sodium channel a-subunit by a prolongation of the QT interval, due to delayed (SCN5A) [9] . In one large French family, LQTS was repolarization of the cardiac action potential [1] [2] [3] . At linked to chromosome 4q25-q27 [10] . least five genes causing LQTS have been identified so far,
The KCNQ1 gene encodes a voltage-gated potassium all encoding cardiac ion channels, including two for channel expressed in cardiac cells that is critical for myocardial repolarization. When expressed alone in heterologous expression systems, KCNQ1 channels exhibit a to form the slowly activating delayed rectifier current I . It basis of symptoms and corrected QT interval on ECG ks modulates KCNQ1 channel by greatly slowing activation, according to the criteria of Schwartz et al. [15] . The QT increasing current amplitude, and removing inactivation intervals were measured on ECG in Lead II or V4 and [12, 13] .
corrected for heart rate (QTc) using Bazett's formula It has long been known that LQTS diagnosis based (QTc5QT / RR ). One hundred normal controls were 1 / 2 solely on electrocardiography (ECG) is neither sensitive recruited without heart and systemic health problems nor specific. Determination of the relative frequencies of according to medical history, physical examination, ECG, mutations in each gene will facilitate the precise diagnosis echocardiography, and serum biochemical analysis. in subclinical patients and allow genotype and phenotype Peripheral blood was collected from all participants. studies. Eight missense mutations in the KCNE1 gene have been linked to the LQT5 variant of human LQTS [14] .
2 .2. DNA isolation and mutational analysis Mutant KCNE1 subunits exhibit various effects on I that ks eventually lead to reduced current densities and thereby to
We used methods of single-strand conformation polyprolonged cardiac action potentials [6, 7] , but not all LQT5 morphism (SSCP) and DNA sequence analysis to screen 1 mutations alter K channel functional properties in the the mutation. The genomic DNA was purified from same manner and distinction in mutation-induced changes peripheral white blood cells by conventional methods [16] . in channel properties is important to document, not only
The DNA fragments corresponding to the five genes because of the possibility of mutation-specific clinical (KCNQ1, HERG, SCN5A, KCNE1 and KCNE2) were phenotype but also because such changes may have amplified using the primer sets as described [17, 18] . implications in therapeutic intervention. In the present Fragments were amplified on PE GeneAmp PCR System study, we report a Chinese pedigree with LQT5 related to a 9700 thermal cycler (Perkin-Elmer, Foster City, CA, USA) KCNE1 gene mutation (G52R in the KCNE1 transmemin the presence of 1 U Taq DNA polymerase, 0.2 mM brane region), and its functional consequence was evaludeoxyribonucleotide, 1.5 mM MgCl , 100 ng forward and 2 ated in Xenopus oocytes as well. reverse primers and 0.2-0.5 mg genomic DNA. Polymerase chain reaction (PCR) fragments were subsequently screened with SSCP according to standard procedures at 2 . Methods 4 8C and the gels were visualized with silver-staining. If abnormal SSCP patterns were found, the same PCR 2 .1. Clinical evaluation fragments (all family members and 100 unrelated normal controls) were reamplified and subjected to dye terminator The study was conducted in a four-generation Chinese sequencing using PE-ABI 377 automatic sequencer (Perfamily with LQTS. The investigation conformed to the kin-Elmer). In the sequencing analysis, identical primers principles outlined in the Declaration of Helsinki. All were used as in SSCP and primary PCR analysis. participants were given informed consent. The pedigree with 26 members is shown in Fig. 1 (Fig. 2) . The proband II-4 first Stage IV or V oocytes were injected with 50 nl of mixture experienced her episode at age 16, thereafter two to three containing KCNQ1 and KCNE1 cRNA in an equimolar times every year, most episodes were triggered by exercise ratio and maintained at 18 8C in OR solution supor emotional stress, sometimes accompanied by a low 2 plemented with 1 mM pyruvate and 50 mg / ml gentamycin. serum calcium level. She was diagnosed as LQTS (QTc5 cRNA concentrations were 0.04 mg/ml (2 ng / oocyte) for 0.60 s at rest) and has been effectively treated with KCNQ1 and 0.02 mg/ml (1 ng / oocyte) for wild type and b-blockers since 1997. mutant KCNE1. During coexpression experiments the total amounts of KCNQ1 and KCNE1 (mutant or wild type) 3 .2. Mutation scanning cRNA were kept constant.
Of 26 members, one DNA was not available, other five 2 .5. Electrophysiology clinically affected and two ECG normal (II-6 and III-10) individuals revealed mobility shifts in the PCR fragment Currents were recorded at room temperature 3 days after corresponding to the transmembrane domain of KCNE1 during SSCP analysis (Fig. 3A) . Normal and aberrant PCR versus KCNQ1, P,0.05 versus KCNQ1 / WT-KCNE1), fragments were sequenced and a substitution of A for G at respectively (Fig. 5A ). position 154 in KCNE1 was identified (Fig. 3B) . This
In addition, WT-KCNE1 shifted the voltage dependent change resulted in a replacement of glycine (G) with activation curve of the KCNQ1 channels more positively arginine (R) at amino acid 52 (G52R-KCNE1 WT-KCNE1 greatly slowed the KCNQ1 channel activaTo assess the functional consequences of the mutant tion, whereas G52R-KCNE1 only slightly delayed its G52R-KCNE1, heterologous expression in Xenopus ooactivation (Fig. 4) . Two time constants were fit to the time cytes and subsequent voltage clamp analysis were percourses of current activation. KCNQ1 currents activated formed. Fig. 4 shows the original current traces of the with t 526.865.8 ms, t 56886179 ms (n57), whereas 1 2 expressed constructs. Coexpression of wild type KCNE1 KCNQ1 / G52R-KCNE1 currents activation was well de-(WT-KCNE1), rather than G52R-KCNE1, significantly scribed with t 541.564.2 ms and t 511926232 ms at 1 2 increased the KCNQ1 current amplitude. The current 160 mV (n58; P,0.05 versus KCNQ1) (Fig. 5C ). amplitudes of KCNQ1, KCNQ1 / WT- KCNE1 and To simulate the heterozygous situation of the patients KCNQ1 / G52R-KCNE1 at a clamp voltage of 160 mV and define the pathophysiological mechanism, we co-inwere 2.8261.37 mA (n57), 12.963.0 mA (n510, P, jected KCNQ1 cRNA together with same amount of WT-0.05 versus KCNQ1) and 3.5360.97 mA (n58, P.0.05 KCNE1 and G52R-KCNE1 cRNAs into Xenopus oocytes. The mutant G52R-KCNE1 significantly reduced I current KCNQ1 channel and shifted the midpoint of KCNQ1 ks amplitudes (6.362.9 mA at 160 mV; n59, P,0.05 current-activation positively by about 10 mV, which versus KCNQ1 / WT-KCNE1 see above) (Fig. 5A ), but did indicated that G52R-KCNE1 did traffic to the plasma not change the voltage dependence of activation compared membrane and interacted with KCNQ1. This mutation has with KCNQ1 / WT-KCNE1 channels (V 532.165.6 mV, unique characteristics compared to other LQT5 mutations, 1 / 2 k512.0260.77 mV, n59, P.0.05 versus KCNQ1 / WTsuch as D76N-KCNE1 which attenuated KCNQ1 currents, KCNE1 see above) (Fig. 5B) .
S74L-KCNE1 and V109I-KCNE1 only reduced current amplitudes, V47R-KCNE1 and W87R-KCNE1 altered KCNQ1 gating and reduced amplitudes, while L51H-4 . Discussion KCNE1 was processed improperly and did not interact with KCNQ1 [19] [20] [21] . We identified a novel mutation G154A in the KCNE1 When coexpressed KCNQ1 together with wild-type gene leading to G52R-KCNE1 in a Chinese LQTS family.
KCNE1 and G52R-KCNE1, the current amplitude was Of all 26 family members, six members were clinically about 50% of wild-type I current, whereas no other ks diagnosed as LQTS. The penetrance of this pedigree was significant difference was observed compared with wildassumed to be 75%. Patients carrying the mutation were type I channel. The mutant G52R-KCNE1 has a domiks liable to syncope or seizure episode triggered by exercise nant negative effect. Reduction in I amplitude may lead ks or emotional stress. To our knowledge, the previously to a prolongation of cardiac action potential and QT reported mutations located in the KCNE1 transmembrane interval prolongation, consistent with the LQTS in the region were identified in the patients with Jervell and members of the Chinese family. In addition, most mutation Lange-Nielsen syndrome [14] . This is the first description carriers in this family experienced syncope triggered by of a missense mutation in the KCNE1 transmembrane exercise or emotional stress. Schwartz et al. had already domain causing Romano-Ward syndrome with high peneshown that triggers of arrhythmias are gene specific and trance. the mutation carriers in KCNQ1 or KCNE1 genes are at We found that G52R-KCNE1 failed to enlarge the greatest risk of fatal cardiac arrhythmia in the face of KCNQ1 current amplitudes and only slightly change the elevated sympathetic nervous system (SNS) activity in activation kinetics of the KCNQ1 channels, which implied response to exercise or emotional stress [22] . Moreover, that the main function of KCNE1 was almost lost. Howrecent study revealed the molecular links between SNS and ever, G52R-KCNE1 slightly delayed the activation of the KCNQ1 / KCNE1 channel activity and two LQT5 muta- tions (D76N and W87R) have been reported to disrupt seems to markedly alter the interaction between KCNQ1 functional regulation of I by SNS [23, 24] . A similar and KCNE1, which suggested that glycine52 in the ks mechanism might account for the clinical event of our KCNE1 transmembrane domain is important for KCNE1 patients.
function. The nature of the interaction between KCNE1 and It is well known that KCNE1 is a regulatory subunit of KCNQ1 has been the subject of extensive investigation.
KCNQ1 and is essential for reproduction of an approMutagenesis study of KCNE1 suggested that the cytosolic priately gated I of enhanced amplitude. However, it has ks domain appeared to be critical for a normal function of also been shown that KCNE1 is capable of interacting with KCNE1 [25] . Romey et al. [26] provided biochemical HERG and affects HERG amplitude and gating, but it is evidence in support of an interaction between the pore not clear whether the interaction of KCNE1 with HERG region of KCNQ1 and the intracellular C-terminus of has physiological relevance in vivo [32] . The KCNE1 KCNE1. Cysteine-scanning mutagenesis [27, 28] provided mutations have different effects on KCNQ1 and HERG evidence that residues in the KCNE1 transmembrane channels, such as V47R interacts with both KCNQ1 and domain may line the I channel conduction pore. More-HERG, W87R interacts functionally with KCNQ1 but not ks over, Tapper and George [29] suggested that the KCNE1 with HERG, D76N suppresses both KCNQ1 and HERG, C-terminus alone cannot modify KCNQ1 channel gating and L51 H interacts with neither channel [19] . Whether and the presence of the KCNE1 transmembrane domain is G52R-KCNE1 could interact with HERG and its funcnecessary for KCNE1 function. Recently, using KCNE1 / tional consequences needs to be explored in the future KCNE3 chimeras, Melman and co-workers [30, 31] showed studies that threonine58 of the transmembrane domain of KCNE1
In conclusion, we identified a novel missense mutation controls the specificity of KCNQ1 channel gating. In our in the KCNE1 transmembrane domain, which caused study, glycine52 is also located in the KCNE1 transRomano-Ward syndrome with high penetrance. The remembrane region, replacement of glycine52 with argnine sults of electrophysiological studies indicate that glycine52 
